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Abstract: Complete sequence information for an “unknown” 50-mer DNA and extensive sequence verification for
another 50-mer and 42-, 51-, 55-, 60-, 72-, 100-, and 108-mer DNAs is obtained by electrospray ionization/Fourier
transform mass spectrometry that supplies100x higher accuracy and resolving-power data using nozzle-skimmer
(NS), collisionally activated, and infrared multiphoton dissociation (IRMPD). In addition to the previously recognized
3'- and B-terminal (w and a) ions, internal ions (i) and MS/MS/MS of fragment ions provide unique structural
information across the DNA. NS dissociation can also yield other new backbone cleavages (forming b, ¢, d, and r
ions) that provide extensivé-Bnd information. These spectra indicate that loss of the base T rarely triggers formation
of w, a, or i fragment ions, a correlation of further sequencing utility. Point mutation screening is demonstrated
using a modified 50-mer unknown; a 9.04 (theory 9.01) decrease in the molecular wéjpglalue indicates A~

T, while three IRMPD fragment ions pinpoint this mutation at base 27. Introduction (measuremertiimeén)

of 8 x 10716 mol of the 50-mer gave aNl; value with only a 0.2 error.

Introduction

Gene-level diagnosis is now highly promising. Genetic defect
loci have been determined for such ailments as btemsd
color? cancer, Huntington’s diseagafaxia telangiectasia (AT),
cystic fibrosis? and myotonic dystroph§more than 50 tumor

types are due to mutations in the “cancer gene” that codes for

the tumor suppressor protein pb3Diagnoses, as well as
identification of new defects, employ established methods of
molecular biolog§y (e.g., separation by polyacrylamide gel
electrophoresis, PAGE). However, these have specificity
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Sequencing of 42108-mer DNA

(M;) by MS provides an independent verification, recognition
of minor modifications (nine ATand more than 10 p33jene

J. Am. Chem. Soc., Vol. 118, No. 39, 199863

ESI, ~100 mg of lyophilized DNA was dissolved in.B, sonicated,
and diluted with CHCN to 4-20 mM (CHCN:HO, 3:1), with

mutations are known) depends critically on mass accuracy andPiperidine?® imidazolei® or triethylamine (TEA)® (0-0.02% by

resolving power (RP). Further, molecular ion fragmentation
(MS/MS) can produce sequence-specific product ions from
oligonucleotided?18 of special promise to identify and locate

volume) added. Only negative ions were used; solutions were
electrosprayed-2.2 kV, coaxial Sk as electron scavenger g&jt 1
mL/min. For ESI of nanoliter volume&P<fused silica capillaries (10
mm id., Polymicro Technologies) were pulled and HF etched te'a 2

base changes of genetic defects. This is extended here to DNAsym tip i.d., suspended in triethylammonium acetate for 1 h, dried with

as large as a 108-mer.
Matrix-assisted laser desorption ionization (MALBIhas
yielded mass spect®&®21for DNA as large as a 500-méf.

However, sample dissociation has been a problem for many 30-

mers and largett and enhanced instrumentation is necessary
to resolve even the Na-adductZ2 Da) peak of a 27-me#.
Similarly, special instrumentation made possible RPL150
for MALDI of a 12.4 kDa proteir?’” Sample dissociation is
also a probler®? for electrospray ionization (ESP of DNA,
althoughM; data for a 186 Da phage have been publish€d.
Despite reports o, accuracies of 0.019%,the same methods
also can yield far poorer accuracy1%) due to unresolved
impurities or adduct¥ With conventional low-resolution
instruments (RP 5001000), the ubiquitous Na adduct is not
resolvable for strands larger tharB5—70-mers.

This study exploits the combinati®nof ESI with Fourier
transform (FT32 MS whose RP= 1(? yields M, values with
<0.5 error for DNAs as large as 100-métsAn earlier study
showed that molecular ion dissociation with ESI-FTMS yields
full sequence data for oligonucleotides £ 14)18 with the
unique FTMS isotopic resolution especially important for ESI
charge state assignme®®. However, only partial, and quite
similar, fragmentation data were obtained for oligonucleotides
as large as 25-mers by nozzle-skimmer (RSyollisional
activation (CA)?* and infrared multiphoton dissociation (IRM-
PD)35 Extending a recent Communicatiéhwe report here

a flow of high purity N, and Au coated. Solutions were prepared as
for conventional ESI, but with higher @ (<65%) and TEA or
piperidine £0.1%) content. After tip loading by capillary action, the
ESI voltage was ramped t9700 V until the ion current stabilized; no
pressure was applied for solution flé#. The modified Finnigan FTMS
instrument has been described in detail elsewfiéreBriefly, the
negative ions are transported through a heated capillary intéftaue
three rf-only quadrupole rods to an open cylindrical trapai 6 T
magnetic field, with trapping aided by a pulse-e£07¢ Torr of N,. A
30-60 s delay precedes broad-band excitation and detection, with 256K
or 512K data points collected.

For NS dissociatio? the skimmer was held at13 V and the
capillary varied from—70 to —200 V, with a tube lens connected to
the capillary adjusted from—200 to —300 V to maximize ion
transmission. Despite an extensive investigation, experimental param-
eters affecting the production of b, ¢, d, and r ions are not well
understood; repeat experiments after several months gave much lower
abundances. For IRMPB,the beam from a cw 27 W Synrad (duty
cycle 10-50%) laser passed through a Bakndow along the magnetic
axis. Except for same day experiments, dissociation efficiency is highly
dependent on the exact focus position, so that4%0 ms irradiation
times were necessary to achieve the results shown. Extensive non-
covalent adduction of the 100-mer was minimized with IRMPD
(supporting information, Figure 3§:3° For multiple collisional activa-
tion (MECA),*° trapped ions were subjected+d.00 highly attenuated
broad-band chirp excitations-@ V,, [400 V,, at 40 dB], 350 Hz/ms)
separated by-510 ms, with N pulsed again te-10°6 Torr. For single-
frequency sustained off-resonance irradiation (SOR&Xxcitation at

that larger DNAs subjected to several fragmention methods can+1 and—1 kHz (separate spectra) relative to the precursor frequency

even yield complete sequence information, with spectra requir-

ing only femtomoles of sample.

Experimental Section

Synthetic DNAs (sequences given in the relevant figures) from the
Cornell Peptide/DNA Synthesis Facility or Perkin-Elmer Applied
Biosystems (50-mer of Figure 3 and the 72- and 108-mers of Figure
5) were HPLC desalted as previously descrifed-or conventional
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was effected for 0.2 s.

Computer programs to determine fragment type and respective base
composition (Table 1), to identify series of fragments differing by
nucleotide units, and to find possible locations of these in a postulated
sequence were written in BASIC and run on a 486*P€harge state
assignment softwateand deconvolutions to combine charge states of
the same ma$s*>were run on a Sparc 10 Sun workstation using PV-
Wave. Mass 1) values are corrected for the number of negative
charges by adding the mass of an equivalent number of protons. The
reportedm value is that of the most abunddf€, isotopic peak, with
n (except for*Cy) denoted as an italicized integer separated from the
mvalue by a hyphen. The most abundant isotopic peak is deterffined
from the deconvoluted abundances of all charge states; however, its
fractional mass is an average of the values from all charge states.
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Table 1. DNA Fragment lon Types and Masses (Da)

base (B)
sequence units A T C G

base (B), substitueht 134.047 125.035 110.035 150.042
nucleotide units: (B CsH;O + PO;H) 313.057 304.046 289.046 329.052
3'-end fragments

Wn:? (unit), + H + OH 331.068 322.056 307.057 347.063
5'-end fragments

a:¢ (unit), + HO + CsHsO 411.094 402.082 387.083 427.089

bn:¢ &, — CsHsO — POsH + H 251.102 242.090 227.090 267.097

Cda — CsHsO—O+H 315.073 306.061 291.062 331.068

dn9a, — CsHsO + H 331.068 322.056 307.057 347.063

rmda, — CsH+H 375.094 366.082 351.083 391.089
internal fragments

in:® (Unit), + H + POH + CsHsO 491.060 482.049 467.049 507.055

in — PQOsHe (unit), + HO + CsHsO 411.094 402.082 387.083 427.089

aThe base molecule is BH.lons can also be formed by loss of BH from this fragment fdWicLuckey nomenclature is,a — base'® ¢ Observed
only in NS spectra® Observed only in MECA spectra.

5'- -3
(A TG 6T CrrcaETiac CacmaamrecBoaacaccréa
(AN T ANCEACCTY]
[ F ¥ kT w ions
ions» —1— gp— 19
llons» 94 9 L2 ] J
 — T % — T

a9 J
f EL® | <+0.05 Da | <10.25Da

&

Figure 2. Sequence of 42-mer treated as an unknown: vertical bars
B up, cleavage yielding fragment ion with bases towarerd (e.g., a
ions); vertical bars down, fragment with bases towdrérgl (e.g., w
ions). Horizontal lines: internal (i) ions. Dark bars: mass ege10.05

Da, averaget0.02. Light bars: mass errer+0.25 Da, average-0.11.
Asterisk and cross: unique to IRMPD and MECA, respectively. Small
up arrow: sequence implied by lack of T loss; dotted vertical line,

w2
a4
(ATCG)_ (aToG)
w7

=

(AT2CG2)

(b) 0167 m/z ! implied by i ions. Filled circle: other assignment(s) would involve T
=) [|40-125 m/z loss. Open circle: mechanistically most logical of assignments possible
812 8135 Z - for this mass. Other internal ions observed have multiple sequence
5 :\ ' 877,75 878.75 assignments. Parentheses in sequence: unknown order.
iTe)

) ]

- § s here for larger DNAs are summarized in Table 1 and illustrated
@3\3 @ N in Scheme 1. A base unit (U) contains a base (B), a sugar, and
<\ a phosphate, designated by numbering from thensl. Using

s B 3 e _ the fragmentation nomenclature of McLuck&the 3-end w
(c) _ § 5 g B £ § and the 5end a— B,+1H fragment ions result from (Scheme
gg 5\ gt E 5 Rg z 6“ 1) cleavage of a €0 bond between the'-8leoxyribose and

N NI Q %58 ol the phosphate with H-atom transfer from the sugar to the

q | aﬂ 8 S\ &7 e JEE oxygen, triggered by the loss of the adjacent bagg Rith a

o = ° § § = /= rearranged hydrogen atéhi847(loss of the B anion is also
2 NI a possiblele but this yields the same corrected mass value as
\ < £ BH loss).

The mass of the & Ba+H fragment ion represents sequence
information for the 5bases only through base a; here this will

700 800 900 1000 1100 1200

) / _ be called instead the;dragment ion for clarity in spectral
Figure 1. ESI/FTMS spectra of 42-mer of Figure 2: (a) NS, (b) interpretation. The spectra of nine DNAs (4208-mers,
IRMPD, (c) MECA. Top inset: expanded (M 14H")4" region; small Figures 1-5) show 132 w and a peaks; 48% are formed by
dots are best fit of theoretical isotopic abundan@esmolecular ions. loss of base AH. 25% CH. 24% GH. and only 3% TH. These

Fragment ion designations in text (in parentheses, compositions of

internal ions). TH losses are only from the largest DNAs, nL-ESI 108-mer

data andTH in the 100-mer (Figure 5f,g). This T is adjacent
to a“T base, which can also account for all of the w and a
formation observed in the polysdand poly-To. This negligible

As examples, ESI/FTMS spectra of a 42-mer and a 50-mer TH-loss tendency is useful in sequencing. If the exact mass
DNA are shown in Figures 1 and 3. These provide mass values - - -
01 95 and 75 different fragment s, respectvely (Table 2 and o ag)rea's, ea0ied hee o W were reviusy a1 1,
supporting information, Table 1). However, the mass accuracy differentiated here from the loss of BH; both give the same corrected

achieved (shown in Figures 2 and 4; dark bars skd05 Da values. Contrary to previous repotts;*8 the spectra here show little
vidence for B loss; selecting one charge state of a 14-mer and of a 35-

error) makes quite SpeCIfI_C Sequen(_:e_ aSS|gnments_ possible f(_)';er for SORI dissociation showed only the loss of neutral base, not B
most peaks. The mechanisms providing these assignments willsoRri dissociation of (M~ 12H)12 of poly-Ts did give substantial T
be discussed first. loss, but less than that of neutral TH; T is the least basic of the four Bases.

; inti ; ; i (48) Rodgers, M. T.; Campbell, S.; Marzluff, E. M.; Beauchamp, J. L.
Dissociation Mechanisms of Multiply Charged Anions. Int. J. Mass Spectrom. lon Process394 137, 121149

Previous studi€4P15180f oligonucleotides have defined several (49) Liguori, A.; Napoli, A.; Sindona, GRapid Commun. Mass Spectrom.
fragmentation pathways; these and additional mechanisms foundi1994 8, 89—-93.

Results and Discussion
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Figure 3. Partial IRMPD (10 ms) spectrum of 50-mer. Insets: isotopic distributions fregfw a7*~, and (M — 19HM)°".

Table 2. Fragment lon Masses of 50-mer DNA used in Figure 4, with Values from Different Charge States and/or Experiments Averaged

aions:411.06*PCay; 740.13%C5; 1069.170° ag; 1398.215C ay; 1687.29+PCa5; 1976.33PCg; 2305.3720Cay; 2619.431,° ag; 2948.414,°
8, 3566.561, b a11, 3855.7112 &y, 4498.782,20 a4, 4811.8822 &ys; 7932.493,2 g5, 8222.534,2 6, 8535.554,2 7

w ions: 611.102P9w,; 940.1520.dw5; 1253.21804w,; 1542.2339ws; 2135.350dw,; 2448.402P wg, 2738.431,° wy; 3331.521,20d
Wi, 4238.621,° wy4; 5121.862 ade17 6348.123,2W,y; 6637.133,2P W,y 6950.183,2 W3

internal ions: 1075. 13" |2y31, 1090. lga |3(y32, 1364. lgj |21 24, 1379. 21 dlzy:«;z, 1444. 18b Ilg 21, 1453. 22b I15 19 1638. 253'd
|33 42, 1692. 25ab |28—32; 1707. 233 |30_34, 1726. 24b |24—28; 1733. 233 |18—22; 1773 24b |17_21, 1982 295“’ |21—26, 2005. 3(Fb
|27 32, 2062. 27b |17 22, 2079. 27b |13 18, 2271. 34 |34 40, 2311. 32a Iz(yze, 2375. 37a |1&22 2574. 32b Izyge, 2598. 3g)
!28 35, 2834, 381 b|_33 46, 2850. 401 b, d!34 42, 2945 481 abl_lg 26, 2985 421 b!17 25, 3193 491 al"”"‘I_zg 38, 3274. 521 ab
i_17725; 3298.541,a’bi_15725; 3506631,a i_28—38; 4229.661,a'bi_14726; 4253671,b i_13725; 4365.692,a'di_29742

b, c, d, and rions from NS:1033.12, ; 1238.22, i; 1527.25, lg; 1816.28, b; 1880.22, ¢, 1896.26, ¢; 2145.33, b; 2209.26, ¢, 2225.29, ¢,
2269.33, 1; 2459.371, bg; 2523.361, cs; 2539.341, ds; 2583.371, rs; 2788.441, by; 2852.401, co; 2868.401, dg; 2912.401, rg; 3077.461,
bio; 3141.431, 10, 33157.411, dio; 3201.451, r1g; 3406.501, byq; 3486.451, dyq; 3530.491, r11; 3695.531, by 3759.501, c;2; 3775.491, dyy;
3819.531, r15; 4008.561, bys; 4072.541, ci3; 4088.531, dis; 4132.561, 113 4338.602, big;, 4402.572, C14; 4418.582, tha, 4462.582, 114,
4651.642, bys; 4715.632, 15, 4731.602, di5; 4775.642, 15, 4964.692, bys; 5028.642, C16; 5044.662, dis; 5088.732, 116, 5293.722, by7;
5417.722, 117, 5677.752, dig; 5721.742, 115, 6007.783, tho; 6380.833, a0

2|RMPD (10 ms) of molecular ion€.IRMPD (13 ms) of molecular ion$.NS of molecular ions? IRMPD of w.; ions.

5- 3 shows similar base losses, but only for'™ The SORI
\A'(Uc]dck'/ﬂckGk\AdA'Ac.TGm ce T(y'(,A‘A@HTA‘l‘CC(J( CiT‘i9A|1CI(1Af’ITC spectrum of g5 from the 42-mer (supporting information,
adons : 1 wions Figure 1) shows;i-13 (see below) and base losses AHGH >
IRMPD of M ;'—r'—' FF“—' '—‘_' CH, with no TH loss. Further loss of a neutral base (AH
S Vet e — CH, GH > TH) has been observed to occur from w, a, and
NS of M ¢ e ‘| <1005 D internal fragments (Tables .2 and 3). lons cor(esponding to the
e . IRMPD of w,, '~ loss of a PGH from mterna] ions are also occasionally observed
i) diacloecaaana s ctrrarécacqteearépprd (e.g., MECA spectrum, Figure 1c).
1 e — The larger DNAs examined here show a previously unrec-
b ognized mechanism valuable for sequencing. Internal (i) ions

Figure 4. MS data providing sequence of 50-mer treated as an can be produced by secondary fragmentation (with neutral base
unknown (symbols as in Figure 2, and mass values in Table 2) Other loss) Of either the w or the a fragments accompanied by
peral ons o whih MUl sequence sesgrents are posse eformaion of smaller w or a fagment fons, ©.G, 8 BH +
ms IRMPD. Dark (light) bars: mass errgr+0.05 Da, average-0.02 81+ lxiny—a (Scheme 1). Of the 110 fIa_nkmg bases lost
informing unambiguously assigned internal ions in these DNA
(=+0.25 Da, averaget0.12). o
spectra, 57% are A, i ions are formed by T loss at¥i& 32T
difference between two fragment ions corresponds to T and onegroup in the 50-mer, in the IRMPD spectra of itgayof poly-
(or more) other base(s), the base lost in forming the lower massTzo, and of the T-rich 25-mer AFATATATsAT6® To
fragment ion isnot T unless the fragment ion contains an illustrate the utility of i ions, for the 42-mer (Figure 2),
adjacent T. identifying & does not tell what base’GH) is lost in its
At lower energies, the loss of base AH, CH, or GH can occur formation, although ashows that bases 3 and 4 are (TG)
without backbone cleavagde!®providing no sequence informa-  (parentheses indicate unknown base order); the complemegnt w
tion. For example, the IRMPD spectrum of the 42-mer (Figure formed from the same dissociation of the molecular ion is
1b) shows minor losses from ¥ of AH, CH, 2AH, (AH + presumably too unstable to be observed. However, an internal
CH), and GH, in order of abundance, while the MECA spectrum ion of the composition JTG, can only represent bases-&
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Scheme 1
_ ¥ n-mer i i
U@ DNA Uls(a-1) a Ulrx-1)
P Ta-1 - gx—l
H -
o pB, o) a ON_H
¥ 1 -B,H
H 1 QH
] OH “0-P=0
HO-p=0 “0—bm
6 op-0 Ux+1)sa,
N U—,_(‘“Z]’(y’”i 9 l(x+1)>z:1
{21 O\
}(giz/ﬂ
? (?H H H (,’”
“0-p=0 ~O-p= ~O—be
5 H 0-P=0 0-pP=0
(@+2)»n-1) U@+2)»n-1) Ugy- i
_IO_ _(')_ B H Ly(;)»(n 1)
o /B, o\ /By, o\ /B,
1
A%
AT 3 n-a-1 e H Wn-y
@ 5 o s e a5 m s a5 those of the 60-mer at higher energies using the same solution
TTHAGIGETRPARIOCA OTTTGAAGATICGGGGTGACGTCCCTCETTT conditions generated no d ions, but instead gave both a and w
b ) , sequence ions. The 108-mer (Figure 5g) also gave no b or d
( ) 5 10 15 20 25 30 35 40 45 50
CTGAAAACGTATCCGAAGG'l'(‘ATCGGCTATTTTAGC»;\TAéGCAG'I'ACAGAG ions Wlth a nano”ter VOIUme ES'] and thR|dnS from norma'
© o wm m m w w wmw (milliliter) volume ESI were 1.01 Da (-H) lighter than expected,
CGTA%GGA('(’?TA(}Tf(;CCCAoTcm‘TAAC’r‘Gg/'\1'AE’TGGTCTAGCTJATGCZCGTAA e.g., the mass difference oficand k1 is 78.96 Da (3437.53
@5 . B xgx % owxxx g xxx — 3358.621) vs 79.96 Da expected. IR-MALDI of a singly-
1qj'l‘]s‘GCA'r‘biGAA(‘TAE;GCAAczﬁr,AAcAAj(i.\cTcs'l‘iGGG'FFCGGAA(O:TGAégc,xcc°((‘7cc1'A°T5AcTCGLQ charged 19-mer & 4C;G3 oligonucleotide also produces.d s
( ) ece 00 00 00 ° ions (termed “X” ions), but not b, ¢, or r fragmenrt$.
:GCTX(}C'FAAE(})A(T"I;,'\AG“(?I;AAGC%EAGCI'ZASGCTA?_‘?CTAG?Z'G'I‘(AG(‘,T)SAECC These new products appear to result (Scheme 1) from
0 oo T e backbone cleavages at the-® bond (b ions), PO bond (c
GACl']s'CGWAE)TC,:Tg'l‘g'l‘/.i%o(]C’l‘(‘y%,?'I‘TE;'I‘%%Am‘l‘,,C‘;(i,1)(.;CT'[‘f\sc,;k(ﬂ'QC?GAATBG?TAGTI'?O ions), O-ribose bond (d ions), and across two ribose bonds (r

ions), with transfeto the B-product ion of one, one, one, and
CAACZGGCGAA'l'TG]CSTGCCgAT’A(}f,tiGC(,‘AA??(AW’I]SCAQGW)GQFCTGK'(I)'OCTC(_‘-‘K?TAG tWO H atorn_S’ r_espeCtlvely (Table 1) In ContraSti the baCkbone
FhREARERIERALIAIRRAS cleavage yielding the w and a ions transfersitay from the
Figure 5. ESI/FTMS spectra of DNAs: (a) another 50-mer, NS; (b) 5'-end. Possibly these new-products arise from initial loss
51-mer, NS and IRMPD; (c) 55-mer, NS and IRMPD; (d) 60-mer, NS of the B~ anion (not BH) on the '3side of the products. If the
(O: —105V, X: —130 V) and IRMPD; (e) 72-mer, NS; (f) 100-mer,  pase at this position is T or C (pyrimidine bases), the tendency
NS and IRMPD (supporting information, Figures 3 and 4 and Table 2 ¢, b, ¢, d, and r ion formation is smaller, but not as effective
show more extensive data and treatment as an unknown); and (g) 108-aS the base T in reducing w, a, and i formation; note that the
mer, NS and NS from nanoliter flow ESI (spectra not measured below . . . > . ’
m/z 600). Vertical lines and triangles below: observed b and d ions, mﬂuent'alf basg IS on the_ rIbO?ehfrOl;n VIZEICh tT)e hgdﬁOQGn((js).
respectively. Bold and italic: base lost to form w and a, respectively; &€ transferred, irrespective of the backbone bond cleaved in
dot below base, observed only by IRMPD. forming these major products. This anion Ios; would decrease
the negative charge on th&é@nd, providing a higher tendency
(io—13 would require the loss ofT), ordering the base¥G*T. for intramolecular transfer of Htoward the 5end to form b,

Internal ions can also be formed by subjecting a product ion to ¢ d. and r ions by cleavage on theside of B™ loss. It is
further dissociation (M, such as the IRMPD of w0~ from conceivable that the initial Banion displacement is effected

the 50-mer (Figure 4, lower right). This produces i fragments PY anintermolecularreaction?* no complementary'and ions
not found in IRMPD of M- (Figure 4, top), includingb--a; could be found for b, ¢, d, or rion formation, as can be found
formed by the loss of2T adjacent tIT. for the other unimolecular dissociations of multiply charged ions.
However, initial experiments on bimolecular NS reactions of
these multiply charged DNA anions with several other anions,
e.g., (RO)PO,~, gave no such products.

Methods for DNA lon Dissociation. The earlier oligo-

For the ESI spectra of oligonucleotid®dgNS dissociatiof?

and IRMPD® yielded very similar product ions. However, the

NS spectrum of the 50-mer (Figure 4) is dominated by entirely

different fragment ions containing thé-énd, designated here o e sequencifgy!® utilized NS32 collisional activation

asb, ¢, d andr. These are lower in mass vs the a peak.by(CA),34and IRMPD® techniques. Here the FTMS CA methods

tloslszgs?éss)g.fogz-,l 88 'gséﬂdg’ GgsaDg’(ﬁ;‘gsg\g)g; g;()esgr?crj\dmgof multiple excitation (MECAJ® and sustained off-resonance
54, M5TIa2, ST ' ' irradiation (SOR° were also employed, as was 193 nm laser

Cs. The requirements for formation of these products are photodissociatioR? However, all methods were not tested

unclear (Figure 5). While the 51-, 55-, and 100-mers gave no 4o comprehensive variety of experimental conditions, such

b, c, d, or rions, these ions provided sequence information for !
the two 50-mers and the 60-, 72-. and 108-mers from bond as temperature, pressure, amount of energy added, and dis
(50) Williams, E. R.; Furlong, J. J.; McLafferty, F. W. Am. Soc. Mass

cleavages of 18, 10, 12, 14, and 23ehd bonds, respectively. o (o 11 690°) a6’ 204, Guan, 2.: Kelleher. N. L.; O'Connor, P. B.:
NS spectra of the first 50-mer measured several months lateragseryd, 0. J.: Little, D. P.; McLafferty, F. Wnt. J. Mass Spectrom. lon
under apparently similar conditions showed few such ions, while Processesin press.
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sociation times. CA of an 8-mer under ostensibly similar contiguous assignments of such base units which should thus
conditions (although different types of mass spectrometers) gaverepresent a partial sequence series in the molecule.

similar spectra (w and a peaks) in two laborato#es,but a (4) Construct a trial sequence(s) by placing these assignments
far more complex spectrum (w, &, X, y, z, and fragmerti;O within the overall molecular weight restriction: (a) place the
ions) in a third laboratory* Similarly, in the present studies, 3- and 5-data (w and a ions) at the corresponding ends of the
the dissociation of larger nucleotide ions was also found to be molecule; (b) place any complementary doublet from step 2
sensitive to experimental conditions as well as to DNA structure that contains a '3 or 5-assignment and assign its ®r 3-

(vide supra). counterpart; (c) place the remaining ion series similarly; (d)
Using the 42-mer as an example (Figure 1), NS, IRMPD, place all other fragments (larger a and w plus i) within this
and MECA data provide complementary information. NS trial sequence; (e) cross-check for the most probable combina-
yields no b, ¢, d, or r ions, as found for smaller DN&jut tion of sequence assignments, including the base loss probability

provides the most complete w and a series, as summarized inA > C, G> T [If the exact mass difference between two
Figure 2. IRMPD provides the valuable complementary pair fragment ions corresponds to T and one (or more) other base-
7912.533 + 4880.952 + AH (135.05)= 12928.535 (M, = (s), the base lost in forming the lower mass fragment iarois
12929.536). MECA yields the mostinternal ions. Initial trials T (unless adjacent to a T)]; and (f) list all peakvalues that
with SORI (+-1 kHz from resonance) of the 42-mer molecular are unassignable in the trial sequence.

ions (data not shown) gave prjmarily base Ios§ ions, as diq SORI (5) Perform additional experiments: (a) molecular ion
(—1 kHz from resonance) of its & fragment ion (supporting  fragmentation using different energies or methods and (b) MS
information, Figure 1); higher collisional energies gave poor o specific fragment ions for localized sequence information.

product trapping efficiency under the conditions investigated. Mass Accuracy Restrictions on Base Assignmentsin

Figure 5b,c,d compares the sequence data from NS and IRMPD ving thi he d f fid inth .
of the 51-, 55-, and 60-mers; each shows two w ions formed applying this strategy, the degree of confidence in the assign-

only by IRMPD. Limited spectra from 193 nm photodissocia- ments of strategy steps 2 f"‘.nd 3, especially of fragment types
S . - and base composition, is critically dependent on mass accuracy.
tion°Y of the molecular ions of the Figure 4 50-mer and poly-

. . - ? _Only a restricted number of mass values are possible for
Tao (data not included) show extensive precursor ion depletion - .

. ) T . . combinations of the four bases and the Table 1 fragment ion
but only low intensity product ions; polys§ yielded no ions

. typest® For example, the mass of an a vs that of an i ion will
that were necessarily formed by T loss, S.'UCh asieo and be heavier by only 0.046 Da for a composition difference of
product ions complementary togw 14 15 23without T loss. Gy, +Gy, suich as @ACGs, 1687.297 Da V&iAC.G, 1687.251

The_se studies, although not comprehensive, led to the Da. ’ Thu,s when three sr,)ectra of a 50-mer DN:A gave peaks
selectlon of IRMPD as the primary methqd for sequencing. with an average mass of 1687.29 Da (Table 2), they were initially
Absorption of an IR photon adds a speglflq energy value, so assigned assa The measured masses of the larger a ions in
that IRMPD should deposit a narrow distribution of energy Table 2 also agree better with those expected §0s, @1, 2
values; covalent bond dissociation is minimal during IRMPD and as (<0.05 Da error, Figure 4) than for the_iso’b?;\ril:_i ié)ns
Wil y _ 39 ; L @ , , r ,
b0|I|ng Off” of non-covalent addyctéf? NS dissociation has especially after correcting for calibration errors 65 + 3
the unique advantage of producing thefagments b, c, d, and ppm, —34 + 7 ppm, and—9 + 4 ppm (internal calibration) in

r for some larger nucleotides, but the precursor ion cannot be each of the three spectra. However, only external frequency
selected for MS/MS. ) calibration was used for the data reported here. Other checks
_ Sequencing Strategy. For large proteins (e.g., 29 kDa), @ ¢4 also make such distinctions. In the strategy step 3a above,
top down” approach yields MSsequence information without 14 NS fragmentsib, Cis, chs, and fis ions support the IRMPD
prior degradation of the protefi¢395253 This strategy was used 4511 gg2 assignment as angion, not the is ion A;CeGs

in part for the oligonucleotide ESI/FTMS dakaits adaptation 4811.7742 or A;TeCG,, 4811.7562; for the two possible &

here for the DNA spectra involves the following steps: compositions, AC4Gy, 4811.8202 is preferable to AC;Gu,
~ (1) Assign exact massm) values for the most abundant 4811 8572 based on the lower A assignment (Figure 4, top) of
isotopic peak of the molecular ion (Mand of each fragment 2305 44 and 3855.71 as the &AC,G, and a-A,CiGe,
ion, averaging all charge states. respectively. Similarly, for the IRMPD 3331.8bfragment,
(2) Identify complementary ions, those whasealues sum  dentification of most of the wthrough w-A,T-CsG sequence
to that of a precursor ion minus that of the base lost (favored: peaks favors w-A;TsCsG, 3331.5491 over ig-AsT2CGy,
AH > CH, GH> TH) with each bond cleaved. Identify (a) 3331.5431. Figures 2 and 4 and the supplementary information
masses of fragment pairs plus a BH mass whose sum equalshow that the majority of assignments are witkif.05 Da of
the mass of the molecular ion; (b) repeat this for higher the correct value.
multiplets (terminal and internal ions) whose values were Sequencing Unknown DNAs. Although the 50-mer se-
not already used in a previous ("unique”) complementary Set, 4,ence was known, its ESI/FTMS data will be treated here as
and (c) find complementary sets for the larger fragment ions. g, ynknown to test the proposed top-down sequencing strategy.
(3) For eachm value: (a) use exact masses to identify the For strategy step 1, the data from the “soft” ESI spectrum
fragment ion type(s) (e.g., w, &, i, Table 1) and combination(s) yielding M~ ions and from the IRMPD MS/MS spectra at two
of the four bases that match tinevalue within experimental irradiation levels giveM, = 15307.857 and the 60 IRMPD
error; (b) identify neighboring fragment ions whose difference fragment ion masses listed in Table 2. For the complementary
in base assignments (mvglugs) can correspond toa speuflp ions of step 2 (Figure 4, upper vertical a line separated from
base unit or simple combination of base units; and (c) identify |gwer vertical w line by the base lost), the values of two
(51) Pomerantz, S. C.; McCloskey, J. A. Proceedings of the ASMS pairs plus that of base AH sum to that kk: 82252'534 *
Conference on Mass Spectrometry and Allied Topics, Atlanta, GA, May 135.05+ 6950.183 = 15307.767 (actually @s + *’A + Wps)
1995, p 600. and 8535.5581 + 135.05+ 6637.173 = 15307.777 (actually

Méfg%gt?og_”\%_’ J_PME;S Sgggfrojrﬁgég gg”‘gg'_g'\g: W Little, D. P 5, 4+ 28A + wy,). Both a and w primary fragments also exhibit

(53) Aaserud, D. J.; Little, D. P.; O'Connor, P. B.; McLafferty, F. w.  Complementary pairs of a or w ions, respectively, with an i ion,
Rapid Commun. Mass Spectrof®95 9, 871-876. separated by the base lost in their formation. Referring to the
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top set of horizontal i lines (Figure 4), for 8222.833855.711 ions correspond to cleavages of 12 of its 21 bonds, completely
+ 135.05+ 4229.661 = 8220.422 (actually a, + °A + supporting the sequence postulated from the IRMPD2MS
i14-2¢), and for 6950.18, 2598.39+ 111.04+ 4238.621 = spectra.

6948.051 (actually o35 + 38C + w14). These and other large The 42-mer DNA, when subjected to NS (no b, ¢, d, or r

fragment ions yield additional pairs for a total of 13 comple- ions), IRMPD, and MECA (Figure 1) gave data providing the

mentary sets in Figure 4. Other observed i ions of multiple sequence information of Figure 2, again treating this as an
possible assignments are listed in the supplementary information.unknown (measuret, = 12929.536). The complementary

For strategy step 3, the masses of the fragment ions shownM™~ pair 7912.533 and 4880.98 (+ AH = 12928.535;
along the top of Figure 4 agreed best with assignments as a@ctually as and we) can be readily identified, as the latter is
and wions. The corresponding base compositions are matchedhown to be the w fragment by the complementarity, w
in step 3b to find simple differences (and confirm the assign- (3051.621) + 1693.25+ AH (sum, 4879.921). Mass differ-
ments), and these fragments have been arranged as partig#nces give assignments of high confidence for the majority of
sequence series for the w, a, and i data. Though there are severd i0ns through_g and w ions through ws. The other
assignments for the 4811.88ion, its difference from the ~ complements can be applied to this framework. A series of i
4498.782 ion of 313.10 Da indicates these to be the same type 10NS With @ common ‘3end can be established by mass
of fragment but differing by an A unit (313.06). Repeating the differences: is-si, i1o-31, I25-31, i26-31, @nd br-31, positioned
process finds smaller ions of the same type differing by (AG), PY complementarities such aga AH + i15-31+ AH + wio.

C, (CG), G, A, G,C,C,G,G, G, and A, with the smaller ones Other i ions provide additional sequence delineation and

certainly of the a type. This process identifies most a jons confirmation. The (JB) ordering (step 4e) provides the
through as and many w ions through a - sequences®GTYT and 3°T40C. These primary dissociation

spectra (no MY of the 42-mer, without b, c, d, or r peaks,
yield the correct molecular base composition and base identities
for positions 19, 13-21, 24-26, and 31-42.

Sequence data for seven other-83M8-mer DNAs are
summarized in Figure 5. For the 100-mer, treating the NS and
IRMPD data as an unknown (supplementary information, Table
2 and Figures 3 and 4) yields nearly complete sequence
information for bases-129 (all but 16-12, even without b, c,

d, and r ions) and partial information for #200. All the
remaining peaks can be correlated with the known structure;
12 appear to be produced by base losses in the730base
region. MS spectra from further dissociation of fragment peaks
(e.g., bi-46 lIag-74) should check this and give additional
sequence data.

Point Mutation Screening. A change in molecular weight
is not only definitive evidence of a molecular modification, but
be b Similar assignments of complementary ions at the _the c_orresponding mass shift in spect_ral_fragme_nt(s) could
3’-énlazgre Unique, extending the sequence information identify the structural change(s) and restrict its location. A 50-

’ ) mer was synthesized to be the same as that of Figures 3 and 4,

For step 4e, the majority of postulated fragmentations have eycept to contain a mutation(s) unknown to the authors. Its
resulted from loss of base A, and the only fragment ion from T _g 04 shift in theM, value was consistent (Table 1) with that
loss is the 786.11 (), explained by the presence of three ofa —T (Figure 6a); this could also be, for example;AG
adjacent T based)T—3%T. The expected high stability of the  combined with G— T. IRMPD of the M- ions generated a
3'-bond of a T-containing ribose is valuable in indicating the spectrum (in<1 min) quite similar to Figure 3, including
correct Ol’del‘ fOI’ the pa"‘@TG, 21TC, and44TC, |n eaCh case, unshrfted fragment masses f0f4va&5| and Vo, Constraining
a base other than T is lost in forming the smaller fragment ion the mutation to bases 288 (T replacing’A or 28A). The &7
defining the pair. The ordering dfTC is indicated by the  fragment shifted by-9.08 (8535.57 — 8526.494), pinpoint-
absence of a wfragment (as in Figure 2), but the specificity of ing the mutation a8’A — 27T. Other evidence supports this:
this correlation should be checked with further examples. None the Figure 4 w; ion (formed by loss of7AH in the normal
of the 138 fragments has unexplainable masses (Table 2 and50-mer) is not observed, as this requifeH loss in the mutated
supplementary information), and no other sequence was foundstrang24
that fit the da.ta; an algorithm to check this EXhaUStively is under Samp|e Requirements for Sequence Verification. The

development. Thus two IRMPD MSpectra correctly show  recently developed ESI capability in which sub-nanoliter

For step 4, these a and w ion placements (Figure 4, top) are
used to assign sequence positions to the complementary ions
The 8222.53 and 8555.35 must represent a fragments
(actually as and &), as their complements have been identified
as w3 and wy. The next smaller a fragment (7932.3pis
then identified by the mass difference 290D4base C unit,
290.051). The i ion 4229.66t found above to be comple-
mentary with a and 137 now can be placed between these a
fragments (actuallyii-26). The 1982.29 Da ion should be
i-T2C3G, with exact mass differences identifying its neighbors
i-T2C3Gy, i-T3C3G3, and i-T:C3G4. The latter's mass difference
vs the 4229.66€ ion identifies it as AT3CsGs, consistent with
the a4, ais identification of1°A, and establishing*G. Other i
ions are now uniquely assignable to the base composition
possibilities found only in this region. For example, now the
1444.18 (£G;) can only beids21, and 1364.16 (IC;) can only

all the sequence except the regin(CG). A third IRMPD amounts of sub-micromolar protein solutions provide FTMS
spectrum (not shown) also produced a 2064.28 fragmentspectrac has been applied to the 50-mer DNA of Figures 3
corresponding (error;-0.05; no T loss) to ACGy, in-16that  and 4. The Figure 7 spectrum produced fronx 8016 mol

defines these final positio8C!'G. For step 5a, the value of  introduced €106 mol consumed in # 3 s ion accumulation)
additional data from a higher energy IRMPD K&periment  has good signal/noise, yielding & value with 0.2 error from
(spectrum not shown) is indicated by the asterisks in Figure 4. 3 spectrum measured in less than 1 min. Thidifi@proved

NS fragmentation yields the additional (Figure 4, lower left) b, sensitivity vs MALDI4* and classical sequencing methods for
¢, d, and r fragments that provide the correct ordering®cf the ~50-mer should prove valuable for applications such as
and YG to complete the sequence. The NS spectrum also gene-level diagnoses.

extensively confirms the remainder of thesequence through )

20G, To confirm the 3sequence (step 5b), the abundant IRMPD Conclusions

Wy, peak (6637.178 Da) was further dissociated by IRMPD Molecular ion dissociation at present limits our applications
(MS8, Figure 4, lower right). Its identifiable’%nd fragment to unknown 100-mer DNAs, but others have been successful
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Figure 6. IRMPD spectra of 50-mer (top spectra) and its unkn@®n— 2T mutant (bottom): (a) molecular ions, (b)&, (c) as%, (d) a%,
and (e) w'%.

algorithms for efficient data reduction are under development.
de M. = 15307 .38-7 The sub-fem_tomole sample requirementsl‘ﬂ;gdata achigved
. Tﬂeory 15307 57.7 hgre have since begn reduced further>p}0—= for proteins,

) with nine fragment ions of accurate mass also measured for
10717 mol of a 29 kDa proteiRé Of special promise is the
high-throughput screening for mutations in relatively complex
mixtures of DNA molecules; component molecular ions of
alteredM; values can be subjected to MS/MS to constrain the
sequence location of the mutation.
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Crick paired double-strand DNA may ameliorate this problem; ~ Supporting Information Available: Tables giving fragment

for a 39 kDa double strand DNA, the molecular ion peaks are ion masses and identification from MS/MS spectra of 50-mer
the most abundant in the spectrénThe high-resolution, high ~ (fragments not in Figure 4 and Table 2) and 100-mer (Figure
mass accuracy spectra from ESI/FTMS generated by NS,5f) DNA and figures showing the SORI spectrum (RI8f the
IRMPD, and CA methods can even provide complete sequenceds Of the 42-mer (from Figures 1 and 2), NS spectrum of 50-
information for an unknown 50-mer DNA. These measurements Mer (Figures 3,4), IRMPD spectrum of the 100-mer (Figure
are complementary to conventional sequencing techniques;f). and sequence of this 100-mer treated as an unknown (7

routine measurement times &f1 min are conceivable, and pages). See any current masthead page for ordering and Internet
access instructions.
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